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Abstract: This paper presents the results of an experimental programme about the evaluation of 
the size effect on the compressive behaviour of cylindrical samples of existing masonry. The study 
focuses on the in-situ coring and experimental testing of core specimens with 150 mm and 90 mm 
diameter. The 150 mm cylinder, recurrent in minor destructive evaluation of the compressive strength 
of existing masonry, includes four brick pieces, two mortar beds and one head joint. The 90 mm 
specimen includes one mortar bed and two segments of brick, and inflicts less damage on the inspected 
structural member due to its lower invasivity. The experimental research investigates the size effect 
on four different types of clay brick masonry. The first type was built in the laboratory using historical-
like materials. The other three types of masonry belong to structural walls of existing historical 
buildings. The combination of experimental results from laboratory controlled materials and existing 
historical members shows that the size of the cylindrical specimen has regular effect on the 
compressive strength and the Young’s modulus. The consistent relationship found between the 
compressive strengths of the 150 mm and 90 mm core samples allows the use of the latter specimen 
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Highlights:  
Compression tests on brick masonry cylinders of 150 mm and 90 mm are presented. 
Results from laboratory controlled and real historical materials are compared. 
The average ratio between the compressive strengths of 150 mm and 90 mm cores is 0.75. 
The average ratio between the Young’s moduli of 150 mm and 90 mm cores is 0.85. 
Testing 90 mm cylinders is found to be an alternative for inspecting existing masonry.  
 
Nomenclature  
CV  coefficient of variation 
E  Young’s modulus of masonry (generic) 
E150mm  Young’s modulus of masonry obtained through tests on 150 mm cylinders 
E90mm  Young’s modulus of masonry obtained through tests on 90 mm cylinders 
fb  normalized compressive strength of bricks 
fc  compressive strength of masonry (generic) 
fc,150mm  compressive strength of masonry obtained through tests on 150 mm cylinders 
fc,90mm  compressive strength of masonry obtained through tests on 90 mm cylinders 
fc*  compressive strength of masonry derived from the proposed experimental approach 
fc,ACI  estimation of the compressive strength of masonry with ACI expression 
fc,EC6   estimation of the compressive strength of masonry with Eurocode 6 expression 
fm,DPT  compressive strength of mortar obtained through double punch tests 
MDT minor destructive testing technique 
Rc  strengths ratio, computed as fc,150mm /fc,90mm 
RE  Young’s moduli ratio, computed as E150mm/E90mm 
r2  coefficient of determination 







The use of masonry as building material is abundant all over the world, including many major 
examples of architectural heritage. Many of these buildings are in need of structural assessment 
because of structural damage or material decay experienced over the years. Additionally, their 
structural condition often requires careful evaluations due to the adaptation to new uses. The 
knowledge on the mechanical behaviour of this material and its most influent parameters, such as 
compressive strength and Young’s modulus, is of paramount importance for this kind of structural 
evaluations. 
The experimental determination of the mechanical properties of existing masonry is a 
challenging task. The in-situ sampling and subsequent testing of masonry specimens in the laboratory 
provide a suitable approach to the problem, since it is possible to obtain direct measurements of the 
mechanical parameters that describe the elastic and strength behaviour. However, the composite 
character of masonry requires laboratory tests on sufficiently large samples, able to represent the 
complexity of the material texture, and therefore including both units and mortar joints. Yet, the in-
situ sampling of large prismatic specimens of masonry, e.g. extracted from existing walls, may 
encounter important difficulties. In addition, sampling procedures should always be minimal in the 
case of historical buildings due to their cultural heritage value.  
A possible solution to the aforementioned limitations in the case of brickwork is offered by the 
minor destructive testing (MDT) technique consisting in extracting masonry core samples from the 
existing structure to be tested in the laboratory. This technique was proposed by the UIC Leaflet [1] 
on the inspection of brick masonry arch bridges, which suggests to core drill cylinders with a diameter 
of at least 150 mm including four brick segments, two mortar beds and one head joint. The cylindrical 
specimen is then tested under compression along the direction perpendicular to the mortar beds. Recent 





mechanisms of brickwork in compression. The calibration of this technique by comparison with tests 
on other non-standard [2-4] and standard [5-7] masonry specimens has shown its ability to provide 
reliable estimations of the compressive strength of the material. Pelà et al. [6] investigated also the 
possibility of estimating the Young’s modulus of masonry by means of compression tests on this type 
of specimen.  
The use of cylindrical samples smaller than those suggested by the UIC Leaflet might constitute 
a possible alternative to reduce the damage inflicted to the building. This may reveal to be necessary 
in case of protected heritage constructions requiring minimum invasivity of the in-situ inspection. The 
use of smaller cylinders may provide also additional practical advantages, besides the reduction of 
damage grade during sampling. A larger amount of cylindrical cores could be extracted, allowing an 
increase of the statistical significance of the results. Also, finding convenient spots where to drill 
smaller cores is easier than for 150 mm diameter cylinders, especially in the case of plastered walls. 
Moreover, the reduced size of the cores makes the transport, storage and testing operations easier.  
A suitable cylindrical sample with dimensions smaller than the 150 mm diameter specimen of 
the UIC Leaflet should still include both the brick and mortar components in order to be able to 
represent realistically the composite character of the masonry material. The smallest core sample with 
these characteristics is composed of one diametric mortar joint and two cylindrical segments of brick. 
The diameter of this type of specimen should be around 90 mm and 100 mm in order to ensure a proper 
cutting of the two bricks without affecting the integrity of the interposed mortar joint. The use of 
cylinders with a diameter of 100 mm to determine the masonry compression parameters has been 
already investigated in [8, 9] with satisfactory results. 
Previous experimental and analytical studies available in the scientific literature have already 
addressed the size dependence on the strength of different types of brick masonry samples. The 
research by Carpinteri et al. [10] focused on size dependence on fracture properties, such as strength 





important effect of constitutive heterogeneity on the size effect, especially when the specimen size is 
small. The numerical study by Lourenço [11] also showed the effect on tensile and compressive 
failures of the geometrical relationship between masonry units and the structural size.  
This paper presents an experimental research aimed at evaluating the size effect on the 
compressive strength and elasticity of cylindrical samples of existing brick masonry of 150 mm and 
90 mm diameter. The adequacy of the 150 mm diameter masonry cores to assess the mechanical 
behaviour of masonry in compression has been already investigated and validated in [2-7]. This 
research pays special attention to the use of the smaller 90 mm diameter core samples, with the 
following specific objectives: (1) exploring the possibility to reproduce the mechanical behaviour of 
brick masonry in compression by means of tests carried out on them; (2) analysing the consistency and 
reliability of the results obtained and, specifically, investigating whether the scattering obtained is 
sufficiently moderate; (3) determining size-effect correlations for compressive strength and Young’s 
modulus based on the comparison with experimental results obtained from the 150 mm diameter 
cylinders.  
The comparison between the tests on the two types of cylindrical cores has been carried out for 
four different types of masonry, all of them made of solid clay bricks and lime mortar but characterized 
by different brick and mortar compressive strengths.  
The paper includes five sections. After an introduction about the purpose and objectives of the 
study, Section 2 presents the first experimental campaign performed on masonry walls built in the 
laboratory with historical-like materials. The extraction, preparation and testing of two sets of 
cylinders, with 90 mm and 150 mm diameter, were carried out in a laboratory controlled environment. 
Section 3 presents a second stage of the research, with three different experimental campaigns on 
different masonry typologies obtained from three real existing buildings. All field campaigns 
considered the in-situ sampling and subsequent laboratory testing of 90 mm and 150 mm cylindrical 





failure modes, stability of experimental measurements, and size effect correlations of the compressive 
strengths and Young’s moduli of the 90 mm and 150 mm core samples. Section 4 presents also a 
comparison with predictive expressions from building codes. The paper ends with the concluding 
Section 5. 
 
2 Experimental programme on masonry built in the laboratory  
The first stage of the research considered core samples extracted from masonry walls built in 
the laboratory with historical-like material components. The samples of this campaign were identified 
with code “MA”. The experimental programme was carried out at the Laboratory of Technology of 
Structures and Building Materials of the Technical University of Catalonia (UPC – BarcelonaTech). 
2.1 Materials and construction of walls 
As stated before, the proposed MDT technique aims to study the compressive behaviour of 
existing brick masonry structures, with special focus on the case of historical buildings. Therefore, the 
masonry built in the laboratory was designed to represent as much as possible a typical historical 
masonry with solid clay bricks and low-strength lime mortar in joints.  
The bricks were handmade and presented rough surfaces and slightly variable dimensions. The 
nominal dimensions were 305 × 145 × 45 mm³. A set of bricks was polished and cut into pieces of 
dimensions 100 × 100 mm² to be tested in compression according to EN 772-1 [12]. Table 1 reports 
the normalized compressive strength (fb), obtained by multiplying the experimental value by the shape 
factor proposed by the standard.  
Two single-leaf walls with dimensions 1.6 × 0.8 × 0.145 m³ were built in the laboratory by 
using the aforementioned bricks (Fig. 1a). A qualified mason built the walls in running bond using a 
pure aerial lime mortar, classified as CL90 according to EN 459-1 [13]. The joint thickness varied 





until the coring process. This long time was necessary for a sufficient hardening of the aerial lime 
mortar. 
At the time of the coring process for obtaining the masonry cylinders, some mortar joints were 
dismantled. These portions of mortar were cut into slabs with approximate dimensions of 50 × 50 mm². 
After regularization with a little amount of gypsum powder, these pieces were subjected to the double 
punch test (DPT) by following DIN 18555-9 [14]. More detailed information on DPT can be found in 
[15-17]. As can be seen in Table 1, the average compressive strength value measured by means of this 
test (fm,DPT) was equal to 1.61 MPa. It is worth mentioning that this compressive strength value for the 
aerial lime mortar was obtained after two years from the construction of the wall. The DPT technique, 
suitable for the mechanical characterisation of the mortar joints in existing buildings, was considered 
in campaign “MA” as well as in the three case studies that will be described in Section 3. The DPT 
results from the four campaigns will allow direct comparisons of the actual compressive strength of 
mortar inside the joints.  
Table 1. Experimental compressive strength of bricks (fb) and mortar joints (fm,DPT) in campaign “MA” executed 
on masonry built in the laboratory. 
“MA” fb fm_DPT 
Average (MPa) 17.44 1.61 
Number of specimens 14 32 
CV 8.3% 20.1% 
 
2.2 Core drilling and preparation of masonry specimens 
Before the extraction of masonry cylindrical samples, a low vertical compression was applied 
to the walls with the aim of ascertaining their stability during the transportation inside the laboratory 
and the coring process.  
The extraction of the cores was done by horizontal drilling using the dry coring technology 
proposed, among others, in [4] and [6]. Two types of cylinders were extracted (Fig. 1b). First, 150 mm 





joints and four brick portions. Second, 90 mm diameter core samples (actual diameter of 92 mm), 
including a single diametric mortar joint and two brick portions. All the cores had an approximate 
depth of 145 mm. Six cylindrical specimens of each diameter were extracted from the walls. Additional 
cores were extracted and used for other parallel researches carried out by the authors [16]. 
 
Fig. 1. a) Masonry wall built in the laboratory for the campaign “MA”, and b) core drilling of 150 mm and 90 mm 
cylindrical samples. 
After extraction, two high strength mortar caps were casted on the cylindrical specimens (Fig. 
2). These caps were used to create two flat surfaces allowing the application of an evenly distributed 
load. This approach was already proposed in [5-7] and differs from the UIC leaflet [1] where it is 
recommended to apply the load through steel concave loading plates and to make use of lead sheets in 
contact with the sample. The high strength mortar caps match the irregular curved perimeter of the 
cores and avoid any stress concentration during the tests. The widths of the caps were about 110 mm 
for the 150 mm cores, and about 70 mm for the 90 mm cores. These dimensions were chosen to 






Fig. 2. Front and lateral views of regularized core samples of campaign “MA”: a) 150 mm cylinder and b) 90 mm 
cylinder. 
2.3 Testing procedures 
Both 150 mm and 90 mm cores were tested in a general-purpose compression machine with 
load capacity of 3000 kN (Fig. 3) after two years from the construction of the walls. Thanks to the 
mortar caps, uniaxial compression could be applied perpendicularly to the horizontal joints.  
The tests were carried out in two consecutive stages. The first one was aimed to study the elastic 
behaviour of the material and consisted in the application of three loading/unloading cycles under load 
control. These cycles ranged from 5% to 20% of a supposed maximum load that had been estimated 
before the tests. In the lack of a specific standard for these tests, the first stage was planned taking as 
reference some standards on the measurement of the Young’s modulus for other materials [18-21], as 
well as former researches [6,22]. The Young’s modulus was calculated for the loading branch of the 
third cycle. The second stage aimed to investigate the nonlinear behaviour of the material and to 
measure its compressive strength. The cylinders were tested under displacement control, at a rate of 





Linear variable differential transformers (LVDTs) were used to record the displacements 
experienced during the tests. Two vertical LVDTs of ±5 mm range and 5 µm precision were attached 
to the mortar caps to capture the vertical displacements. The vertical strains in compression were 
calculated as the ratio of the displacement experienced by the LVDTs and the cylinder’s diameter, as 
the high strength mortar caps had negligible deformation in comparison with that of the masonry.  
 
Fig. 3. Experimental setups of campaign “MA” for a) 150 mm cylinder and b) 90 mm cylinder. 
2.4 Results  
Fig. 4 shows the stress-strain curves obtained during the second stage for the 150 mm and 90 
mm cylindrical samples. All the curves present an initial linear branch. The end of this branch 
corresponds to the maximum stress reached in the previous loading/unloading cycles. After that, all 
the specimens present another linear branch with lower slope. 
In the case of the 150 mm core samples (Fig. 4a), the linear branch continues up to 80÷90% of 
the maximum load, when a sudden reduction is registered in the slope for the majority of the 
specimens. This point usually corresponds to the appearance of the first crack, and indicates the start 
of a noticeable nonlinear behaviour until the peak stress. Then, a softening response follows with 
decreasing stresses under increasing strains. The curves of the 90 mm core samples (Fig. 4b) are 
similar. However, the nonlinear behaviour before the failure begins at an earlier point corresponding 
to 50÷60% of the maximum load. The softening is more accentuated, showing a faster loss of load-






Fig. 4. Compressive stress-strain curves of core samples of campaign “MA”: a) 150 mm cylinders and b) 90 mm 
cylinders. 
 
The failure mechanism observed in the 150 mm core samples started with a crack arising next 
to one of the edges of the mortar caps, either within the top or bottom brick of the specimen (Fig. 5a). 
The crack first appeared at one side of the specimen, possibly corresponding to the weakest of the two 
bricks. With increasing load, this crack propagated further by splitting the intermediate brick, and then 
a symmetrical crack appeared at the other lateral side (Fig. 5b). Additional distributed thinner vertical 
cracks appeared through the entire specimen, both at the front and rear faces, as well as on the lateral 
faces. At failure (Fig. 5c), the two main cracks developed also through the mortar until fully connecting 
the top and bottom caps. This caused the detachment of the external parts, with a characteristic 






Fig. 5. Typical failure of 150 mm cylinders in compression tests of campaign “MA”: a) appearance of the first crack at 
one side, b) further opening of the first crack and development of a second crack at the other side, and c) final sandglass 
failure. 
The cracking process was similar in the 90 mm cylinders (Fig. 6a). The first initial vertical 
crack appeared in one of the two bricks, near the cap edge. A second crack appeared either in the same 
brick near the opposite edge or in the other brick by creating a longer crack at the same side. The lateral 
vertical cracks propagated also through the diametric mortar joint. At failure (Fig. 6b), the lateral 
cracks crossed the entire specimen from the top to the bottom caps causing the detachment of the 
external parts and the sandglass shape failure. Additional thinner vertical cracks appeared at the mid-






Fig. 6. Typical failure of 90 mm cylinders in compression tests of campaign “MA”: a) vertical cracks crossing the 
core from the top to the bottom mortar caps, and b) final sandglass failure. 
As described above, a similar failure mode was obtained for both 150 mm and 90 mm cylinders, 
producing a sandglass shaped remaining core. At the peak load, the external parts of the cylinders were 
already separated from the central core by vertical cracks. This suggests that the effective resisting 
cross-section at failure corresponded to the width of the mortar caps. Taking into account this 
mechanical response, the compressive stresses acting on the specimen were calculated as the ratio 
between the load and the cross section determined by the width of the mortar caps. This is in agreement 
with the findings of [5,7,23]. Table 2 presents the summary of the experimental results of campaign 
“MA”, including the compressive strength (fc) and the Young’s modulus (E) of masonry.  
Table 2. Compressive strength (fc) and Young’s modulus (E) of 150 mm and 90 mm masonry cylinders in campaign 
“MA”. 
“MA” 150 mm cylinders “MA” 90 mm cylinders 







MA_3_1 7.46 -- MA_1_1 7.67 1771 
MA_3_2 8.64 1328 MA_1_2 9.93 1739 
MA_3_3 7.15 -- MA_1_3 10.16 1806 
MA_3_4 6.05 1900 MA_1_4 10.62 2253 
MA_3_5 7.41 1282 MA_1_5 8.63 1863 
MA_3_6 6.45 1390 MA_1_6 10.51 1823 
Average 7.19 1475 Average 9.59 1876 
CV 12.5% 19.4% CV 12.3% 10.1% 
 
The values of compressive strength obtained from the 150 mm samples are lower than those 





This is a direct consequence of the size effect related to the two different geometries. The strength of 
the 150 mm samples is particularly affected by the presence of two mortar beds and the central head 
joint. The ratio between the strengths of the 150 mm and 90 mm samples is 0.75. The scattering 
obtained in the measurement of the compressive strength is very similar in the two types of cylinders, 
with a coefficient of variation around 12%. This scattering can be considered moderate taking into 
account the nature of the historical-like masonry investigated and the fact that it is built with handmade 
bricks. It is interesting to note that, in spite of their smaller size, the use of the 90 mm samples has not 
increased the scattering of the results with respect to that of the 150 mm.  
The value of the Young’s modulus obtained from the 150 mm samples is also lower than that 
estimated from the 90 mm specimens. In specific, E is equal to 1475 MPa and 1876 MPa respectively. 
This can be explained partly by the different size of the samples and also by the presence of two mortar 
beds in the 150 mm core. The ratio between the Young’s moduli of the 150 mm and 90 mm samples 
is 0.79. The coefficient of variation is almost 20% in the case of the 150 mm specimens, which is still 
acceptable for the type of masonry tested. Again, the low scattering found for the tests of the 90 mm 
cylinders (CV 10%) confirms that the use of a smaller diameter is not introducing significant sources 
of variability.  
The ratios relating the Young’s modulus to the compressive strength (E/fc) are also very similar 
for the two types of specimen. They are equal to 214 for the 150 mm samples, and 198 for the 90 mm 
ones.  
 
3 Experimental programmes on existing masonry buildings  
This section presents three experimental campaigns on real case studies intended to provide 
more results about the size effect on the masonry compression parameters for 90 mm and 150 mm core 





context of on-going renovation works. In all cases, samples of constituents (bricks and mortar joints), 
and cylinders (90 mm and 150 mm cores) were extracted and then tested in the Laboratory of 
Technology of Structures and Building Materials of the Technical University of Catalonia (UPC – 
BarcelonaTech). 
The campaign with code “MB” dealt with one emblematic example of Catalonian industrial 
heritage (Fig. 7a), namely the textile factory “Fabra i Coats” built in 1910-1920 in Barcelona. The 
main 4-storey building consists of floors made of steel beams with small ceramic vaults in between 
supported by load bearing masonry walls. Its industrial activity decayed during the 1970s and the 
municipality recently converted the complex into a new cultural facility. Some works refurbished the 
building and adapted it to hold public exhibitions according to modern regulations. A structural 
assessment was required to design and verify these works. The project foresaw the opening of some 
new windows and doors in one façade wall. The cylinders tested within the present research were 
extracted from the same wall portions that were going to be eventually removed to make room to new 
openings. 
The campaign with code “MC” studied a residential building located in Rambla de Catalunya, 
one of the main streets of Barcelona (Fig. 7b). This construction was built in 1930 in Noucentist style, 
and stands as a good example of bourgeois architecture of Barcelona’s Eixample neighbourhood. The 
load bearing masonry wall structure supports floors made of steel beams with small ceramic vaults in 
between. The building originally hosted 6-storeys, and two additional floors were added at the top in 
the second half of the 20th century, as in many other constructions of this area. This modification 
changed the loading conditions envisaged in the original project. Recently and prior to the execution 
of some renovation works, a structural assessment of the masonry structure was carried out. The 
assessment included inspection works to characterize the masonry mechanical properties. Again, the 





The campaign with code “MD” involved a historical building in the district of Ciutat Vella 
(Fig. 7c). Built in the first half of the 19th century in Neoclassical style, this housing complex reflects 
the specific economical context of the time. The building stands out by the high-quality materials used, 
the stone masonry elements of the facades and the overall size of the construction. Brick masonry walls 
constitute the load bearing structure, which supports the floors made of timber beams with ceramic 
vaults in between. As in the former cases, the on-going renovation works motivated and allowed the 
extraction of the cylinders. 
 
Fig. 7. a) View of the building of the “Fabra i Coats” industrial complex in Barcelona studied in campaign “MB”, b) 
main façade of the residential building at Rambla de Catalunya Street in Barcelona studied in campaign “MC”, c) façade 
of the housing complex in the district of Ciutat Vella in Barcelona studied in campaign “MD”. 
During the visits to the three buildings, sets of bricks and fragments of mortar joints were 





49 mm³ in campaign “MC” and 294 × 145 × 45 mm³ in campaign “MD”. The three sets of bricks 
showed variability in grain size and colour. Brick pieces of 140 × 140 mm² and 100 × 100 mm² were 
cut respectively for campaign “MB” and campaigns “MC” and “MD”. These brick pieces and mortar 
fragments were prepared and tested in compression following the procedures described in Section 2.1 
for campaign “MA”. Table 3 shows the corresponding results. The variability observed by visual 
inspection was also reflected in the compressive strength of bricks (fb), particularly in the case of 
campaign “MC”. Bricks of campaign “MD” were twice stronger than those of campaigns “MB” and 
“MA”, and three times stronger than the bricks of campaign “MC”. 
Table 3. Experimental compressive strengths of bricks (fb) and mortar (fm_DPT) of campaigns “MB”, “MC” and “MD”. 
“MB” fb fm_DPT “MC” fb fm_DPT  “MD” fb fm_DPT  
Average (MPa) 18.80 0.62 Average (MPa) 10.74 1.52 Average (MPa) 35.45 3.1 
No. of 
specimens 6 12 
No. of 
specimens 12 28 
No. of 
specimens 10 32 
CV 12.4% 16.0% CV 28.0% 35.0% CV 14.8% 55.4% 
 
The masonry walls investigated in campaign “MB” were 600 mm thick, built in English bond 
with variable mortar joint thickness between 10 mm and 15 mm (Fig. 8a). The walls investigated in 
campaigns “MC” and “MD” were interior single leaf walls 145 mm thick built in running bond (Fig. 
8c and e). The mortar joint thickness varied between 14 mm and 17 mm in the former and between 10 
and 15 mm in the latter. The quality of workmanship was better in the types of masonry “MB” ad 
“MD” in terms of regularity and complete filling of mortar joints.  
Up to seven specimens of each cylinder type, 90 mm and 150 mm, were extracted in the three 
campaigns (Fig. 8b, d and f). Two additional specimens of 150 mm were extracted in campaign “MD”. 
The coring followed the same dry procedure mentioned in Section 2.2. It is worth to remark the 
advantages of this technique, as already reported in [6,16]. The total absence of water protected the 
integrity of the weak mortar joints and guaranteed the efficiency of the full process. Only two operators 





of cores. The extraction of 90 mm cylinders was easier than for the 150 mm cores. Once the core-
drilling machine was fixed to the masonry wall, the coring bit could be moved and the samples 
extracted along a circumferential path. Within a wall, finding an adequate spot to extract a 90 mm 
sample resulted easier than for a 150 mm core. Additionally, the specimens of campaign “MB”, which 
were extracted from 600 mm thick walls, were sawn to adjust their depth to the width of the constituent 






Fig. 8. a) Façade wall investigated in “Fabra i Coats” factory and b) in-situ core drilling for campaign “MB”, c) inner 
wall of the analysed building in Rambla Catalunya street and d) in-situ core drilling for campaign “MC”, e) inner wall of 
the building in Ciutat Vella and f) in-situ core drilling for campaign “MD”.  
The extracted specimens of the three campaigns were regularized with mortar caps and tested 
in compression, as described in Sections 2.2 and 2.3 for campaign “MA”. Fig. 9, Fig. 10 and Fig. 11 
show the stress-strain curves of the tests for the three campaigns. The trends are similar to those 
discussed in Section 2 for the campaign “MA”. The cracking sequences, which are illustrated by the 


























Fig. 12. Modes of failure in the 150 mm (left) and 90 mm (right) core samples extracted from existing masonry 
buildings: a) and b) campaign “MB”, c) and d) campaign “MC”, e) and f) campaign “MD”. 
Table 4, Table 5 and Table 6 present the compressive strength and Young’s modulus results 
obtained from both types of cylindrical specimen for the campaigns “MB”, “MC” and “MD” 






Table 4. Compressive strengths (fc) and Young’s moduli (E) of 150 mm and 90 mm masonry cylinders of campaign 
“MB”. 
“MB” 150 mm cylinders “MB” 90 mm cylinders 







MB_3_0 9.13 -- MB_1_0 8.26 -- 
MB_3_3 6.53 2580 MB_1_1 13.22 3027 
MB_3_5 7.45 1663 MB_1_3 7.14 2551 
MB_3_6 5.60 2019 MB_1_6 8.51 -- 
MB_3_7 6.75 1992 MB_1_12 10.31 2430 
MB_3_8 8.64 2902 MB_1_16 11.55 3727 
MB_3_9 10.74 2665 MB_1_18 10.17 3719 
Average 7.83 2304 Average 9.88 3091 
CV 22.6% 20.9% CV 21.2% 20.0% 
 
Table 5. Compressive strengths (fc) and Young’s moduli (E) of 150 mm and 90 mm masonry cylinders of campaign 
“MC”. 
“MC” 150 mm cylinders “MC” 90 mm cylinders 







MC_3_1 6.76 1416 MC_1_1 7.06 1797 
MC_3_2 4.94 1830 MC_1_2 7.81 1490 
MC_3_3 5.44 1827 MC_1_3 7.44 1290 
MC_3_4 5.20 1291 MC_1_4 6.82 1840 
MC_3_5 5.47 -- MC_1_5 7.01 1956 
MC_3_6 5.61 1688 MC_1_6 6.84 1906 
MC_3_7 3.55 1360 MC_1_7 7.18 1495 
Average 5.28 1569 Average 7.16 1682 
CV 18.1% 15.4% CV 4.9% 15.1% 
 
Table 6. Compressive strengths (fc) and Young’s moduli (E) of 150 mm and 90 mm masonry cylinders of campaign 
“MD”. 
“MD” 150 mm cylinders “MD” 90 mm cylinders 







MD_3_1 11.91 4258 MD_1_1 16.67 5265 
MD_3_2 7.68 3362 MD_1_2 10.36 3157 
MD_3_3 8.14 1783 MD_1_3 10.04 2958 
MD_3_4 9.73 3927 MD_1_4 13.72 3598 
MD_3_5 11.18 2948 MD_1_5 11.66 3278 
MD_3_6 7.80 4157 MD_1_6 14.86 3590 
MD_3_7 8.05 3951 MD_1_7 12.02 4498 
MD_3_8 13.26 3614    
MD_3_9 6.75 3035    
Average 9.39 3448 Average 12.76 3763 









4.1 Comparison among the four experimental campaigns 
The experimental programme described in Section 2 consisted in testing samples extracted 
from masonry walls built in the laboratory. Useful remarks were drawn from the comparison between 
the results of the more novel MDT technique consisting in tests on 90 mm masonry cylinders with one 
mortar joint and the results of the relatively well-studied technique involving tests on 150 mm cylinders 
with two horizontal and one vertical mortar joints. Section 3 described three additional campaigns on 
samples extracted from real historical buildings that aimed to confirm the aforementioned findings for 
the case of real existing masonry. 
The comparison of the stress-strain curves depicted in Fig. 4, Fig. 9, Fig. 10 and Fig. 11 shows 
similar recognizable trends for the two types of specimen studied. The first branch observed in all the 
curves up to low values of stress is related to the specific testing protocol adopted in this research, 
which included the performance of initial loading/unloading cycles. Then, the curves can be generally 
divided into three sections: a linear branch, a non-linear behaviour before the peak stress and a 
softening response after the peak stress. Some differences are observed, however, in the stress-strain 
curves. Longer linear branches are generally observed in the case of the 150 mm specimens that, in 
some cases, develop up to almost the peak stress. For the 90 mm samples, usually higher values of the 
strain at peak stress are detected. These observations apply for the four types of masonry investigated.  
The examples of tested specimens shown in Fig. 12 for campaigns “MB”, “MC” and “MD” 
confirm the failure mechanisms reported for the masonry of campaign “MA”. The 56 cylinders tested 
in the context of this research failed in a very similar way. The failures were characterized by pseudo-
vertical cracks appearing firstly on the bricks that caused eventually the detachment of the external 
parts, leaving a final sandglass shaped core. These features are in agreement with the findings 





The failure is consistent with the common understanding of the mechanical behaviour of 
masonry in compression [24,25]. Because of the different elastic properties of the two constituents, 
i.e. stiff bricks and soft mortar in the types of masonry studied in this research, different stress states 
develop within the sample. Due to the mortar’s trend to experience a much higher lateral expansion 
than the bricks, the units experience horizontal tensile stresses causing vertical splitting cracks in them. 
The sandglass shape results from the confinement exerted by the caps, which is more pronounced in 
the top and bottom sections of the cylinders than in the mid-section.  
Additional evidence that supports the use of core samples to characterize masonry may be 
found in the possible parallelism between the tests investigated herein and the tests on standard 
prismatic specimens for masonry [26]. EN 1052-1 [27] proposes the use of small walls to estimate the 
compressive strength of new masonry. These specimens include both bed and head joints and might 
be compared to the 150 mm cylinders, which also include a head joint. Conversely, ASTM C1314 [28] 
recommends the use of simpler stack bond prisms, without head joints, like the 90 mm cylinder 
investigated herein.  
The results on the compressive strength and the Young’s modulus reported in Table 2, Table 
4, Table 5 and Table 6 for the four experimental campaigns are summarized in Fig. 13 and Fig. 14. 
As in campaign “MA”, the rest of campaigns confirm that tests on the 90 mm samples provide higher 
values of the compressive strength (Fig. 13). This was explained in Section 2 as due to the size effect 
related to the different geometries. The presence of more mortar joints in the 150 mm samples may be 
especially relevant as they introduce more weak points. Additionally, vertical stresses may be better 
distributed in the 90 mm cylinders thanks to the absence of head joints. However, the ratio of the 
strengths obtained for the two types of specimen, calculated as Rc = fc,150mm / fc,90mm, is very similar for 
the four campaigns. The ratios obtained are 0.75, 0.79, 0.74 and 0.74 for campaigns “MA”, “MB”, 





The coefficients of variation found for the compressive strength in the campaigns on real 
buildings are still moderate, and they can be fully explained by the variability of the materials. In 
campaigns “MB” and “MD”, the scattering for the two types of cylinder is very similar. This confirms 
that testing smaller cylinders does not introduce further variability into the results. Furthermore, a 
remarkably low value of the coefficient of variation, below 5%, was obtained in the case of 90 mm 
samples of campaign “MC”.  
With regard to the determination of the Young’s modulus, the values obtained with 90 mm 
specimens are higher than the results derived from 150 mm samples in the four experimental 
campaigns (Fig. 14). This outcome was explained in Section 2 as due to the presence of one additional 
horizontal mortar joint in the 150 mm cores. The higher values of Young’s modulus and strain at peak 
stress in 90 mm cores are not contradictory, since the latter can be explained by the higher strengths 
reached by 90 mm specimens.  The ratio of Young’s moduli (RE = E150mm /E90mm) between the two 
types of specimen presented a certain scatter. The values ranged from 0.79 and 0.75 for campaigns 
“MA” and “MB” to 0.93 and 0.92 for campaigns “MC” and “MD”.  
The scattering observed in the estimation of the Young’s modulus is also moderate and similar 
to that observed for the compressive strength. The variability is consistent between the two types of 
cylinder in the three campaigns on real buildings. As occurred in campaign “MA”, no additional 
scattering may be attributable to the use of smaller cylinders. It is also significant that both types of 
specimen provide similar values of the ratio relating the Young’s modulus to the compressive strength 
(E/fc) for each type of masonry investigated. These ratios range approximately from 200 to 350 in all 






Fig. 13. Comparison of compressive strengths (fc) results obtained for 150 mm and 90 mm cylinders for the four 
types of masonry investigated. 
 
Fig. 14. Comparison of Young’s moduli (E) results obtained for 150 mm and 90 mm cylinders for the four types of 
masonry investigated. 
 
Fig. 13 and Fig. 14 allow also analysing the consistency of the results in terms of the relative 





correspond to the masonry of Ciutat Vella building (campaign “MD”) that was constituted with the 
strongest materials (Table 3). The masonry of Fabra i Coats factory (campaign “MB”) is the second 
strongest. The weakness of its mortar (Table 3) is compensated with the combination of strong bricks 
and reduced thickness of the joints. Slightly lower values were obtained for the masonry built in the 
laboratory (campaign “MA”). The lowest masonry strength was found in the building in Rambla de 
Catalunya Street (campaign “MC”). This may be related to the weaker bricks used for its construction 
(Table 3). Both types of cylinder are able to predict the same trends. 
The Young’s modulus of the masonry of campaign “MD” is consistently characterized as the 
highest one by the two types of specimen. These highest values of Young’s moduli may be due to the 
combination of thin joints and strong mortar that characterizes this masonry. The thinness of the mortar 
joints as well as the thickness of the bricks also explain the high values of Young’s moduli obtained 
in campaign “MB”. A simple 1-D homogenization model [6,31] to estimate the Young’s modulus can 
justify the former conclusions. Conversely, similar values of Young’s moduli have been obtained for 
the other two types of masonry, whose constituents have thicknesses that are more similar. 
With the exception of the compressive strength of campaign “MC” obtained by 90 mm specimens, 
which presented a remarkably low variability, the scattering found in the determination of both 
compressive strength and Young’s modulus presents also an expected trend. Campaigns “MB”, “MC” 
and “MD” present more variable results than campaign “MA”. This is related to the higher variability 
of historical masonry, which is intrinsic to its traditional constructive techniques and materials, in 
addition to a possible decay (not evident in the materials analysed) and the possible influence of the 
experienced load histories. This variability contrasts with the more controlled processes used to build 







4.2 Size effect on the compressive strength and Young’s modulus of cylindrical specimens 
As presented in the Section 4.1, the 90 mm specimens provide higher values of both the 
compressive strength and the Young’s modulus than the 150 mm ones. Fig. 15 shows graphically the 
size effect relationships on both properties. They are calculated as the linear regressions of the ratios 
Rc and RE between the 150 mm and 90 mm core samples for the four experimental campaigns 
considered in this research.  
The constant of proportionality is 0.75 for the four pairs of compressive strength values derived 
from the 150 mm cylinders (fc,150mm) and the 90 mm cores (fc,90mm). The approach followed in this 
research, which combines experimental results from laboratory controlled materials and real historical 
members spanning different levels of strength, allows obtaining a regression with a satisfactory 
coefficient of determination r² equal to 0.975. The increase of the compressive strength with the 
reduction of the specimen’s size is consistent with the trends obtained in previous experimental and 
analytical studies on prismatic masonry samples [11,32,33].  
 Based on the aforementioned results, the size-effect relationship on compressive strength of 
masonry cylindrical specimens can be written as follows (Eq. 1): 
𝑓𝑓𝑐𝑐,150𝑚𝑚𝑚𝑚 ≅ 0.75 𝑓𝑓𝑐𝑐,90𝑚𝑚𝑚𝑚 (1) 
The constant of proportionality is 0.85 for the four pairs of Young’s modulus values derived from 
the 150 mm cylinders (E150) and the 90 mm cores (E90). Although the ratios RE present a larger 
scattering than those of the compressive strengths Rc, the obtained coefficient of determination r² is 






Fig. 15. Size effect on a) compressive strength and b) Young’s modulus obtained from 150 mm and 90 mm 
cylinders for the four types of masonry investigated in this research. 
 
4.3 Estimation of the compressive strength of masonry and comparison with available predictive 
expressions 
As stated in Section 1, the 150 mm specimens have been shown suitable for a direct evaluation 
of the masonry compressive strength by previous researches [5,7,23]. Eq. 2 expresses this approximate 
evaluation as: 





where 𝑓𝑓𝑐𝑐∗ is the compressive strength of the masonry being inspected. Other references [2,4] include 
in the former relationship a correction factor because they consider the diametrical section to calculate 
the acting stresses and the load is applied differently as described in Section 2.2. Taking into account 
this latter remark, all the aforementioned references [2,4,5,7,23] propose equivalent expressions. 
Combining the former Equations 1 and 2, a new practical approach can be proposed consisting 
in the extraction and testing of 90 mm specimens and the estimation of the compressive strength of 
masonry through the application of the following expression (Eq. 3): 
𝑓𝑓𝑐𝑐∗ ≅ 0.75 𝑓𝑓𝑐𝑐,90𝑚𝑚𝑚𝑚 (3) 
Table 7 presents the application of Equation 3 to the four types of masonry investigated herein. 
The estimations of the compressive strength are compared to the predictions provided by the 
application of other approaches. Among the available possibilities, one consists in testing the 
individual components, i.e. bricks and mortar, and applying empirical or analytical correlations to 
estimate the mechanical properties of the composite material from those of the components [30,34,35]. 
This approach faces several difficulties. One of them stems from the applicability of the equations 
available in literature. The expressions with an empirical basis, like those proposed by some available 
standards for the design of new masonry structures, are in principle only adequate for the new 
construction materials for which they were calibrated and show limitations in the applicability to 
historical masonry. Another major difficulty lays in the characterization of the existing mortar [17,36], 
which is hindered by the impossibility of extracting non-disturbed or normalized prismatic samples 
[37]. A possible solution to this difficulty is found in extracting joint fragments and testing them under 
double punch compression, as it is done in the present research and explained in Section 2.1.  
Table 7 includes the comparison between the experimental estimation of the compressive 
strength by Equation 3 and the predictions of two expressions available in building codes [38,39]. The 





proposed in the Commentary on the Specification for Masonry Structures ACI 530.1-02 [38]. This 
empirical expression correlates the strength of the masonry with the strength of the units. The term 
fc,EC6 indicates the value obtained with the expression proposed by Eurocode 6 [39]. In the latter, the 
characteristic compressive strength of the composite material is correlated with the average 
compressive strengths of both mortar and units. The values reported in Table 7 have been previously 
converted into mean value by multiplying by a factor equal to 1.2 as recommended in EN1052-1 [27]. 
The mortar strength introduced into the equation is the one obtained via the double punch tests. The 
columns on the right of the predictions express the difference in percentage terms (Δ %) with respect 
to the experimental estimation.  
Table 7. Experimental estimation of masonry compressive strength (fc*) vs. predictions from expressions of ACI [38] 
(fc,ACI ) and EC6 [39] (fc,EC6). Δ % expresses the difference in percentage of the predictions with respect to the 
experimental estimation.  
Masonry fc* (MPa)  fc,ACI (MPa) Δ %  fc,EC6 (MPa) Δ % 
"MA" - Lab 7.19  6.24 -13.2%  5.63 -21.7% 
"MB" - Fabra 7.41  6.52 -12.0%  4.46 -39.8% 
"MC" - Rambla 5.37  4.90 -8.8%  3.94 -26.6% 
“MD” C. Vella 9.57  9.84 2.8%  11.26 17.7% 
 
The expression proposed by the ACI Specification [38] provides similar values to the 
experimental estimations, with a close agreement of 2.8 % in the case of the masonry made with the 
strongest bricks (campaign “MD”). In the latter, the equation of the Eurocode 6 [39] provides a non-
conservative estimation, while it yields more conservative estimations in the cases of campaigns 
“MA”, “MB” and “MC”. It is remarkable that the highest difference is found for campaign “MB”, 
which is the type of masonry with the poorest mortar. 
In the cases of low strength materials (campaigns “MA”, “MB” and “MC”), the expressions 
proposed by the building standards have provided more conservative values of the compressive 
strength compared with the experimental results. Under the assumption that the values obtained by 





investigated technique can be regarded as a convenient tool for mechanical characterization. Since an 
accurate estimation of the mechanical properties helps to reduce uncertainties during the structural 
assessment, the design of possible interventions, such as retrofit or strengthening, can be less 
prominent and thus more respectful of the cultural value of existing heritage buildings.  
 
5 Conclusions  
This paper has presented an experimental research on the characterization of the compressive 
mechanical properties of existing masonry. The laboratory testing of core samples extracted from 
masonry walls has been investigated as a MDT inspection technique. Two types of core, the already 
studied and validated three-joint cylinder with diameter of 150 mm and the proposed one-joint cylinder 
with diameter of 90 mm, have been tested and compared to study the effect associated to the reduction 
of size. The aim in reducing the cylinder’s size is to limit the damage caused to the structure during 
the sampling and allowing a more efficient extraction and testing. Tests on the two types of cylinder 
were investigated on masonry walls built in the laboratory with historical-like materials and then 
applied to three real case studies of historical buildings in Barcelona.  
The following conclusions can be drawn from the analysis of the results: 
- The dry procedure applied to drill the cores has proved to be a clean and efficient method for 
the extraction of cylindrical specimens in existing buildings. The extraction of 90 mm 
cylinders was comparatively easier than the extraction of 150 mm cylinders. 
- The experimental evidence confirms the adequacy of the 90 mm samples to reproduce the 
expected mechanical behaviour of masonry in compression. Similar failure mechanisms were 
found for the two cylinder types. It has been observed that tests on both cylinder types 
adequately represent the complex interaction between bricks and mortar that characterizes the 





- The size of the core sample has been found to have significant effect on the compressive 
strength and the Young’s modulus. The comparison of the four experimental campaigns has 
shown that the tests on the two types of specimen provide consistent results and the same 
logical trends for the compressive strength and the Young’s modulus of masonry. The 
moderate scattering obtained in the tests can be fully explained by the variability found in the 
constituents’ material properties. 
- The comparison of the compressive strength results obtained from 150 mm and 90 mm 
specimens has provided an almost uniform relation for the four different experimental 
campaigns. A linear regression of the results has yielded a proportionality constant of 0.75. 
This coefficient may be considered applicable to masonry types similar to the ones 
investigated, i.e. made of solid clay bricks –with normalized compressive strengths from 10 to 
35 MPa- and joints made of lime mortar –with compressive strengths from 0.60 to 3 MPa. 
- Testing small 90 mm diameter cores has proved to be an advantageous and promising 
technique for the evaluation of the resisting properties of masonry in compression. A suggested 
set of 6 specimens extracted from an existing structural member may provide a reliable 
estimation of the compressive strength and an acceptable estimation of the Young’s modulus.  
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